Reverse boundary layer capacitor (RBLC) configuration model, where the grain boundary has a higher electrical conductivity than the grain, is proposed in glass/ceramic composites for dielectric energy storage applications. By introducing glass additives as grain boundaries with electrical conductivity higher than ceramic grains, the steady electric field across grains can be larger than grain boundaries as desired due to the conductivity difference. The breakdown field is thus expected to increase in the RBLC-type brick wall model because of the field distribution. The equivalent circuit, grain boundary conductivity dependence of energy density, low-loss frequency range of the RBLC model are discussed. The simulation results suggest that the RBLC approach has advantages in overall energy density, compared with normal insulating glass phase composites.
INTRODUCTION
High density energy storage materials and the related devices have attracted increasing scientific, industrial, and public attention since the energy crisis became more serious in the new century. Renewable energy resources, such as solar and wind energy, are preferably transformed into electric energy for the purpose of storage. There are growing needs for mobile and energy storage devices that are small size, light weight, low cost, and environmentally friendly, for application in transportation, electronics, and aerospace engineering. Dielectric energy storage is the most attractive and feasible way to store and release energy compared to other techniques like mechanical or chemical storage. Capacitors, used in high power applications, have the advantages of high power density ($GW/kg for ceramic capacitor) and long cycling lifetime (>10 6 cycles), but the disadvantage of low energy density (1 J/cm 3 for polypropylene thin film capacitors) compared with chemical batteries (>600 J/cm 3 for commercial lithium battery).
Significant research activity has been focused on developing new capacitive materials with higher energy density. The density is proportional to the permittivity e r and the square power of the applied electric field E 2 (E < E B , E B is the breakdown field) for linear dielectrics. Unfortunately, higher permittivity materials always exhibit lower breakdown field. 1 Lower permittivity dielectrics, such as CaTiO 3 -CaHfO 3 , possess higher energy density (9.5 J/cm 3 ) because of the dominance of E B 2 . 2 For nonlinear dielectrics, e.g., ferroelectric ceramics like BaTiO 3 , the energy density mainly depends on the maximum polarization, the maximum field, and the remnant polarization. The E B of bulk ferroelectric ceramics is significantly lower than that of films, normally leading to lower energy density, with typical values as 1.14 J/cm 3 5 In thin films, the breakdown field increases because of the lower defect density. An energy density of 14.5 J/cm 3 was achieved in Sr doped PbZrO 3 thin film capacitor, 6 and 37 J/cm 3 in La doped lead zirconate titanate (PLZT) thin film capacitor grown on nickel foils with lanthanum nickel oxide buffer by chemical solution deposition. 7 Nevertheless, these energy density values for inorganic thin films have less practical meaning since the overall energy density (OED) is much lower when one also considers the volume of the substrate. The mass production of thin films is relatively difficult. Multilayer capacitor, in which the dielectric layer thickness is not so large, seems to be a promising candidate for practical energy storage. Relatively high density values ($6.1 J/cm 3 ) were reported in BiScO 3 -BaTiO 3 thick film capacitors (9 lm dielectric layer thickness). 8 Compared with inorganic thin films, freestanding polymer films can be produced in large quantities and are currently used in commercial high voltage high power capacitors. The energy density of polymer ferroelectric polyvinylidene fluoride (PVDF) thin films is much higher than that of ferroelectric ceramics due to the high breakdown field, e.g., Zhang's group in Penn State has made remarkable progress in PVDF copolymer (>16 J/cm 3 , breakdown field around 500 MV/m). 9 It seems attractive to prepare composites consisting of a polymer matrix with high electric breakdown field and high permittivity ceramic phase to further increase the energy density. However, the results are not as good as expected, [10] [11] [12] [13] with some exceptions where anisotropic fillers are used. Generally, the addition of inorganic ceramic phase increases the permittivity, while the breakdown field decreases remarkably, due to the existence of interfacial defects. The defects present at the ceramic-polymer interface are caused by the imperfect wetting and adhesion between organic and inorganic compounds. Additionally, the electric displacement D continuity across the polymer-ceramics interface is satisfied, so that the average field in the polymer is much larger than that of ceramic particles due to the lower permittivity and conductivity. For these two reasons, the nominal breakdown field decreases compared to pure matrix phase, and consequently, the energy density decreases. Furthermore, the interfacial polarization, caused by the difference in the electrical conductivity and permittivity of grain and grain boundary, increases energy loss. 16 Electrical breakdown is a failure phenomenon analogous with mechanical breakdown. In the mechanical case, the fracture starts from micro cracks, in which the local stress concentration dominates. In electrical case, field concentration can be found in the vicinity of pores, electrode edge, and other structural defects. Therefore, to increase the breakdown field, it is necessary either to eliminate defects or to reduce the field concentration near defects. In order to reduce defects concentration glass-ceramic composites are preferred, since the glass-ceramic composites are more advantageous than ceramic-polymer composites in eliminating interfacial defects because of the absence of organicinorganic interfaces. It is relatively easy to achieve pore free, highly densified glass-ceramic composites via meltingrecrystallization methods, [17] [18] [19] or alternatively by glass aided sintering. 20, 21 Ordinary silica based glasses possess higher resistivity and lower dielectric permittivity than ferroelectric ceramics, 22 therefore, the energy density of glass ceramic composite, even highly densified, is lower than pure glass, 23 because of the uneven field distribution.
A reverse boundary layer capacitor (RBLC) model is proposed to achieve optimum field distribution, leading to high breakdown field and high energy density in glass ceramics, by introducing glass phase as grain boundaries with an electrical conductivity one or two order of magnitude higher than the ceramic grains. The existence of a low loss frequency region opens up the possibility of applications in high power energy storage. This principle is not only limited to ordinary ferroelectric glass ceramics but also applicable to relaxor ferroelectrics, antiferroelectrics, and polymer based composites.
MODEL
In the well known boundary layer capacitor (BLC), the Maxwell-Wagner interfacial polarization near the insulating grain boundaries leads to large permittivity but lower breakdown field, which is not suitable for energy storage. Therefore, we propose a reverse configuration, reverse boundary layer capacitor, defined by the fact that grain boundaries are more conductive than the grains. The low resistivity glass phase is used as the grain boundary component, which ensures that the voltage drop is mainly applied to the high permittivity grains, and the optimum field distribution is obtained. Furthermore, the existence of an appropriate electrical conductive glass phase would be helpful in releasing the field concentration, either around defects or near surface and cusp. Similar techniques are widely adopted in the high voltage insulation industry.
For simplicity purpose, a brick wall model, with ordered cubic grains and consequently regular grain boundaries, is shown in Fig. 1(a) . In this context, the effective dielectric constant of a glass ceramic can be analyzed using a complex 3-D parallel and serial network of a basic unit, which is -10 17 X cm, for 10% glass volume fraction. 2013) considered as a combination of one cubic grain and three pieces of thin plate grain boundaries (in sense of periodicity). The dimensions of the cube and the plate are a and x, respectively, as shown in Fig. 1(b) . In case of small volume fraction of glass phase, x is much smaller than a (e.g., x/a % 1/30 for 10% volume fraction of glass phase). The contributions from the fringe and corner parts are omitted. The equivalent circuit of the above basic unit is complex if one tries to calculate the exact field distribution rigorously in the brick wall composite. Approximately, it can be reduced to a combination of several parallel R-C components, i.e., R g -C g for grains in series with R gb1 -C gb1 for grain boundary 1 and further in parallel with R gb2 -C gb2 for grain boundary 2. Provided the grain boundary has higher conductivity, the equivalent circuit can be further reduced to a lossy Debye type, where C g , R gb1 , and R gb2 are predominant as shown in Fig. 1(c) . Notice the conductivity contrast here is contrary to the so called BLC, where grain boundary is more insulating than grain, leading to interfacial Maxwell-Wagner polarization and giant permittivity.
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DISCUSSION
The field distribution and overall energy density of a typical glass ceramic are calculated based on the above brick wall model. At steady state, the current flow across the grainboundary interface is constant, i.e., the electric fields E i in each phase can be determined using this continuity. The fields in grain and grain boundary can be calculated by a simple serial model of resistor layers,
, in which E is the nominal field, q j and d j are electrical resistivity and thickness of the jth components, respectively, are shown in Fig. 2 as a function of the resistivity of the glassy grain boundary for a model system (see figure caption for the materials properties used). The overall energy density is calculated by OED ¼ P 1 2 y i e i E 2 i , where y i , e i , and E i are the volume fraction, permittivity, and electric field of the ith component, with the latter depending on the electrical resistivity of grains and grain boundaries, as shown above. Figure 2 shows the OED as a function of the resistivity of the glassy grain boundary (q gb ¼ 10 9 -10 17 X cm), by fixing the permittivity of grain (e g ¼ 1000) and grain boundary (e gb < 10) and the volume fraction of glassy phase (10 vol. %). Here, the parallel grain boundary (gb2) is simply ignored because its contribution to energy density is always negligible compared with that of grain. Figure 2 exhibits three distinctive regions. Region I corresponds to a high conductivity glass and hence the RBLC region, where the energy density is the highest and the average field in both the ferroelectric phase and the glass phase are low. Region III corresponds to a low conductivity glass and BLC region, where the energy density is the lowest (1/16 of the highest value in region I) and the average field in glass phase is much higher (30 times higher than the field in region I). Region II is a transitional dispersion region in between, where the energy density and average field in both ceramic and glass phases change significantly with glass conductivity, and interestingly the energy density exhibits a minimum at a relatively higher resistivity ($10 14 to 10 15 X cm). Arbitrary units are used in the figure just for comparison. Schematic drawings of the field comparison for region I and II are shown in Figs. 3(a) and 3(b) . Finite element analysis results of the region I (RBLC) are shown in Fig. 3(c) , which is in accordance with Fig. 3(a) , e.g., field in grain is stronger than that in grain boundary.
The ideal energy density for ferroelectric ceramics should be high provided its E B can be increased to an intrinsic value (the ideal defect free condition), as those found in thin films for very small thickness (<1 lm). The high conductivity grain boundaries (gb1) help to archive homogeneous electric field in high voltage applications. Consequently, in case of fine grain glass-ceramics, the E B value of RBLC type glass ceramics is expected to increase towards the intrinsic value of the grain/ceramic phase. The corresponding   FIG. 3 . The schematic drawings of electric field in grain and grain boundary (gb1) for RBLC (a) and BLC (b) models. The longer arrow indicates larger field. The "À" and "þ" indicate negative and positive accumulated interfacial space charges, respectively. The simulated electric field plot for RBLC (c) is shown for comparison, where the parameters are the same with those in Figure 2 and q gb is fixed to 10 9 X cm.
FIG. 4.
Frequency dependence of the effective permittivity for the RBLC model. The shaded area is a low loss region where both the polarization loss e 00 P and conductive loss e 00 G are relatively low. The inset shows simulated P-E loops at different frequency point A, B, and C shown in the figure. Material and structure properties used are same with Figure 2 , except for grain boundary resistivity q gb ¼ 10 9 X cm.
glass ceramic structure seems to be feasible approach for mass production of high energy storage material.
With the addition of low resistivity component (region I in Fig. 2) , the dielectric loss is inevitably increased. Based on the equivalent circuit analysis, the frequency dependence can be simulated as shown in Fig. 4 . It is similar to a lossy Debye system, where the e 00 contains two parts, e P 00 relative to the grain boundary in series with the grain (gb1) (subs. P stands for polarization loss induced by R-C relaxation) and e G 00 relative to the grain boundary in parallel with the grain (gb2), (subs. G stands for conduction loss), according to the configuration shown in Fig. 1 . The intrinsic dielectric loss of the grain is ignored here for simplicity. These values are calculated from the equivalent circuit, showing different frequency dependences, therefore, it is possible to have a low loss area in the medium frequency range, as highlighted by the shaded area shown in Fig. 4 , where slim P-E loop can be expected (curve B shown in inset). The frequency range is adjustable by changing the material parameters, especially the resistivity of the grain boundary phase. Furthermore, as indicated in Fig. 2 , this RBLC mechanism is still valid for very insulating glass phase, only if the resistivity of the glass phase is one order of magnitude lower than that of the grain, when x/a ratio is about 1/30. This is an important implication for obtaining low loss materials for certain high power application, such as secondary power source (power cache) in electric vehicles. Table I shows some typical material parameters and the corresponding calculated energy storage properties. The minimum loss tangent is 0.03 for x/a ¼ 0.01, and the corresponding frequency (15 Hz, angular) is far from either the relaxation frequency (1kHz, angular, calculated by x r ¼ (C g R gb1 )
À1 ¼ a/(xe 0 e g q gb )) or reciprocal of self-discharging time (5 s, corresponding to 0.2 Hz, angular, calculated by s ¼ C g R gb2 ¼ a 2 /(2x r x 2 ), see Table I ), serving as the upper and lower frequency limits. Although there is no direct grain size term in the OED calculation equation, the overall energy density would still have strong grain size dependence, because the material properties, such as E B and e, are size sensitive. Furthermore, the low loss frequency range is also size dependent, which is obvious from the relaxation frequency and selfdischarging time expressions. Therefore, scaling down may be useful for the RBLC and for the energy density enhancement. Of course, other effects induced by the scaling down should be considered, e.g., polarization decrease and switching field increase.
The high permittivity phase can be ferroelectric, relaxor ferroelectric, or antiferroelectric. Ferroelectrics have large remnant polarization (P r ), which hinders energy release. Relaxor ferroelectrics have lower P r , so the energy triangle could be larger. Antiferroelectrics have different polarization behavior, the P r is close to zero, and the phase transformation field is high (e.g., 50 MV/m), leading to high energy storage density (14.5 J/cm 3 ). 6 Again, because of the uneven field distribution, the antiferroelectric to ferroelectric phase transformation cannot occur in insulating polymer composites, however, it is possible to have the phase transformation in RBLC glass ceramics according to the discussions above. This opens up the possibility of taking advantage of using antiferroelectrics, as well as relaxor ferroelectrics for high energy storage systems.
CONCLUSIONS
A reverse boundary layer capacitor model is proposed to achieve optimum field distribution, leading to high breakdown field and high energy density in glass ceramics, by introducing glass phase as grain boundaries with an electrical conductivity one or two order of magnitude higher than the ceramic grains. The existence of a low loss frequency region opens up the possibility of applications in high power energy storage. This principle is not only limited to ordinary ferroelectric glass ceramics but also applicable to relaxor ferroelectrics, antiferroelectrics, and polymer based composites.
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